Differences in in vivo growth rates of Bacillus anthracis in the bodies of infected rats and guinea pigs showed the effect of innate species resistance. The effect of two levels of immunity imposed on these hosts demonstrated that, as the degree of immunity increased, the growth rate of organisms decreased and was accompanied by a decrease in terminal population. It was shown that growth rates in the blood best reflected the population growth in the entire host. Data 
In vivo quantitation of bacterial growth for the disease anthrax has largely been limited to the septicemic stage. In guinea pigs, Keppie et al. (4) observed that during the presepticemic stage, bacilli were largely (78%) in the spleen, and that, as septicemia progressed, the distribution shifted so that most (80%) of the bacilli were in the blood. Septicemic growth was logarithmic. This observation has been verified under a wider range of conditions, i.e., immunized hosts, different species of animals challenged with avirulent as well as virulent strains, and with virulence-enhanced (egg yolk) spores, by Klein et al. (5) , Lincoln et al. (8) , and Mahlandt et al. (9) . This American group also noted that naturally resistant or actively immunized animals had a lower number of anthrax organisms in the blood at death than did susceptible species or nonimmunized controls. They noted a positive relationship between free toxin and the number of bacilli in the blood at death. Their data are interpreted to suggest a characteristic rate of septicemic growth and level of organisms in the blood at death for each species.
Their work raises questions about population growth as related to immunity and resistance, because it would seemt hat more organisms would be needed in vivo to kill the resistant or immunized host than would be required in the susceptible or nonimmunized host. It is certain that removal of bacilli from the blood stream or the sequestering of bacilli in an organ is not synonymous with their destruction. It is classically believed that most pathogenic organisms show an affinity for certain sites in the host because of (i) nutritional requirements, (ii) relative lack of vascularity that protects the pathogen against antibodies and blood phagocytes, or (iii) a concentration in sessile phagocytes that provides conditions for parasitic growth or sequestering of blood-carried organisms. This report describes the in vivo growth characteristics of Bacillus anthracis in tissues of the entire body of both the immunized and nonimmunized rat (resistant) and guinea pig (susceptible). Gross cell morphology in the blood and spleen also was observed at death and 3 hr postmortem.
MATERIALS AND METHODS
Animals. The Hartley strain guinea pig (250 to 350 g) from the Fort Detrick Animal Farm and the Norvegicus black rat (200 to 250 g) from Long-Evans stock obtained from the National Institutes of Health Animal Farm were used. These two species differ greatly in their resistance to the establishment of anthrax and in their response once the disease becomes established (7) .
Immunization. To obtain animals with varied degrees of acquired immunity, one group each of guinea pigs and rats were immunized with the BeltonStrange protective antigen (PA) prepared by the method described by Haines et al. (2) and diluted 1:10. The PA was administered by intraperitoneal injection of 0.1 ml on days 1, 3, 5, 8, and 11 (first level of immunity, PA5). In addition, a second group of guinea pigs and rats, after receiving the initial (above) PA5 protocol, were given a live vaccine strain of B. anthracis (second level of immunity, PA5 + LV). Both of these immunization procedures are described more fully by Klein et al. (6) .
Challenge. One group of control animals in each species were challenged with 107 spores of the highly virulent Vollum strain (Vlb) of B. anthracis; a second group of control animals and all immunized animals were challenged with the same number of spores enhanced by treatment with egg yolk as described by Kaga (3) . This resulted in a challenge dose of approximately 4.4 log spores per g of body tissue for the guinea pig, and 4.6 log spores per g of body tissue in the rat. All challenges were by the subcutaneous route.
Experimental procedures. For both the guinea pig and the rat, three groups of animals were challenged: group A, nonimmunized or controls; group B, immunized (PA5); and group C, immunized (PA5 + LV). Animals from each group were randomly assigned two per cage. Numbers were assigned cages, and animals were sacrificed at 0, 45, 90, and 120 min, then every 6 hr as long as animals remained alive. Two replicates were run. Serially sacrificed animals were immediately skinned and weighed, heart blood samples were taken, and tissues were separated and weighed.
The spleen, kidneys, liver, and lungs were homogenized in gelatin phosphate diluent [0.5% Gelatin (Difco), 0.4% Na2HPO4, pH 6.8 to 
where 5X is the harmonic mean time to death in hours, the subscripts i and c represent the immunized and control animals, respectively, and b is the standard slope for the hosts, was used to measure quantitatively the immunity developed in both hosts by the two immunizing protocols.
Adjustment of organ cell populations. The number of bacilli attributable to the residual blood in the various organs was estimated by centrifuging the homogenized tissues and determining the amount of hemoglobin in the supernatant fluid. The hemoglobin values, obtained by use of the cyanomethemoglobin method, were compared with the hemoglobin found in a given unit of the animal blood. The ratio thus obtained was used to correct the viable-cell count of excised organs by the number of bacilli attributable to residual blood in the organ.
RESULTS
Nonimmunized host. The virulence enhancement effect of egg yolk treatment on the anthrax spore has been well established (3, 7, 10) . To determine the effect of egg yolk enhancement on the growth and distribution of organisms on the host, in vivo growth studies were initiated with the highly susceptible guinea pig and the naturally resistant rat.
Morphological studies. Spleen and heart blood samples were taken at death (death defined as cessation of respiration as observed clinically) and at 3 hr postmortem. Emulsions of the spleen were prepared with the hand-operated standard Ten Broeck tissue grinder. Samples of either or both blood and homogenized tissue were placed on a standard microscope slide and were spread by streaking with the end of another glass slide.
After air-drying, the slides were stained with Wright's stain and examined and photographed under oil immersion. Photomicrographs were taken with polaroid film at 900 X.
Analysis of data. terminal concentration of 107 organisms/g of tissue (Fig. 2) We were not able to show a parallel effect in the guinea pig because of its greater susceptibility to establishment of the disease and the large dose of challenge organisms used. Our data show that egg yolk treatment of inoculum produced contrasting effects in the growth rate of organisms in the susceptible guinea pig and in the resistant rat. Egg yolk minimizes the initial destruction of organisms and decreases the rate of organism growth in the whole body of the susceptible host. In the resistant rat, in which there was little evidence of initial destruction of organisms, there was a definite increase in the rate of growth of organisms throughout the body.
Immunized host. To explore the effect of immunization on population changes, two different antigenic materials (the Belton-Strange PA and LV) were used that resulted in two different levels of resistance to the disease (9). Population growth in both animals was affected by immunization. The guinea pig had the greatest response, with I = 3.9 compared with a lower index for the rat of I = 1.25. Again, because of the conditions under which the experiment was conducted, quantitative measurements of the second level of immunization (PA5 + LV) in the guinea pig were not possible. However, the added resistance afforded by this protocol was demonstrated by reduced numbers of organisms in the blood and tissue homogenates. This is in agreement with our earlier reports (5, 8) .
(i) Guinea pig. In the PAS-treated guinea pigs (Fig. 3) organisms in the body of the guinea pigs was inversely proportional to the degree of immunization obtained.
(ii) Rat. Immunization of the rat, which is naturally resistant to establishment of the disease, results in only a slight increase in resistance as shown by I = 1.25 for the maximal immunity developed (PA5 + LV).
The growth rate of organisms in the whole body of the PA5-immunized rat was 25% slower than that rate in the control, as shown in Fig. 4 [control Immunization of the guinea pig and rat produced similar results once the disease was established. There was a decrease in rate of growth in all organs, accompanied by reduced terminal concentration in the whole body and its organs, directly proportional to the degree of immunity imposed. However, it should be noted that by virtue of its innate resistance, the rat, after imposition of the second level of immunity (PA5 + LV), did not exhibit an increase in bacterial population. It terminal level of organisms in the body less than the number of challenge organisms.
Morphological studies. Differences in the gross morphology of in vivo bacterial cells from the blood at death of the host were not detectable in either the guinea pig or rat (Fig. 5) , and morphology was not affected by egg yolk treatment of the inoculum in either host or by immunization (guinea pig only was tested). Bacilli were observed as single cells or chains of two cells. It was rare to observe a three-to four-cell chain in the rat, but such chains occurred with a higher frequency in the guinea pig.
In the spleen, as in the blood, bacilli occurred typically as one or two cells. In the guinea pig the size was the same as observed in the blood, but in the rat (Fig. 6) Since the naturally resistant rat subjected to the PA5 + LV protocol possessed a terminal population less than the number of organisms utilized to produce infection, it was apparent that there was some minimal amount of toxin needed to cause death of the host and that this toxin had to act on the body for some critical period of time. Therefore, when a host is immunized, there is a decrease in rate of growth of organisms in the body that lowers the terminal concentration of organisms, and time to death is extended. It follows, then, that hosts that live the longest will have a lower amount of toxin and organisms in the body at death, as has been demonstrated elsewhere (8, 9) .
The difference in gross morphology of the anthrax organisms from samples taken at death and 3 hr postmortem was striking. Elongations were repeatedly noted in postmortem animals, and one could speculate that growth and nutritional conditions had changed, thereby affecting the morphology of the organism. The effect on morphology of the organisms clearly paralleled that of in vitro growth and not in vivo growth as seen in the dead animal immediately after cessation of respiration. However, Ward et al. (11) observed elongation of bacilli in the immune animal that was not observed in these studies. This observation points out the necessity when sampling septicemic growth, especially in immune animals, of taking samples before and at death, and not 3 hr postmortem when new growth conditions apparently exist. Such postmortem observations would be erroneous when the animal succumbed to the infection, and we suggest that histopathological observations on animals dead as long as 16 hr, as is the case when observations are made only during the day, would lead to erroneous conclusions.
